Abstract. Phenylethynyl terminated novel imide compound based on 1,3-bis(3-aminophenoxy)benzene (APB) and phenylethynyl trimellitic anhydride (PETA) were prepared. The curing behavior of phenylethynyl terminated imide compound was investigated by differential scanning calorimetry and Fourier transform infrared spectrometry. The curing reaction of phenylethynylcarbonyl end group completed at 220°C, and proceeded much faster than that of phenylethynyl end group. Glass transition temperature of the thermosetting resin from phenylethynylcarbonyl terminated novel imide compound determined by dynamic mechanical analysis was almost the same as that of o-cresolnovolac type epoxy resin. In addition, the thermosetting resin from phenylethynylcarbonyl terminated novel imide compound exhibited excellent thermal and dimensional stabilities. These excellent properties of these phenylethynyl terminated imide compound might be due to the incorporation of alkene group or aromatic ring substitutes in the backbones, which might enhance the chain interaction (molecular packing) and reduce the molecular chain mobility.
Introduction
Aromatic polyimides are well known as high-performance polymer materials widely used in aerospace and electronics fields. They have some excellent properties such as high thermal stability, good mechanical properties and superior chemical resistance. However, their rigid polymer backbones and the strong chain interactions result in poor solubility and high softening or melting temperature for most of aromatic polyimides, which limit their use for commercial purposes. Therefore, for molding compounds or matrix resins of fiber reinforced plastics, many addition-type (thermosetting) polyimides (imide oligomers terminated with reactive groups) have been developed [1] [2] . These imide oligomers terminated with reactive groups could be thermally cured at high temperatures providing good processibility. Namely, due to their oligomeric nature, these materials exhibit excellent processability during fabrication of neat resin moldings and composites under pressure. The recently best known reactive group among the addition-type polyimides is the phenylethynyl group. The phenylethynyl reactive group has high-cure temperature and a good processing window can be obtained. Upon thermal cure for ~1 h at 350-370°C, the phenylethynyl group undergoes a complex reaction involving chain extension, branching and crosslinking to afford a pseudo three dimensional network. The networks exhibit high thermal stability, good mechanical properties and superior chemical resistance as well as aromatic polyimides [1] . A system based on this, namely, phenylethynyl-terminated imide, PETI-5 shown in Figure 1 , has been formulated by the group at the NASA Langley Research Center. The material is a random copolymer prepared from 3,4!-oxydianiline, 1,3-bis(3-amino phenoxy)benzene and 3,3!,4,4!-biphenyltetracarboxylic dianhydride and end-capped with 4-phenylethynylphthalic anhydride at a calculated number average molecular weight (M n ) of 5000 g/mol. This material has displayed good processability and excellent mechanical properties in adhesive and composite forms. The cured PETI-5 has high fracture toughness, high thermo-oxidative stability, and good processability. However, the cured resin has a relatively low T g of 270°C because flexible diamines are introduced for the purpose of high melt fluidity [3] . Yokota and coworkers [4] [5] have developed an amorphous, asymmetric, and addition-type polyimide 'TriA-PI' shown in Figure 2 . TriA-PI is prepared from asymmetric monomer, 2,3,3!,4!-biphenyltetracarboxylic dianhydride (a-BPDA), 4,4!-diaminodiphenyl ether (4,4!-ODA), and PEPA. Both the imide oligomer and cured polymer have irregular and asymmetric structures that are derived from a-BPDA, resulting in a low melting temperature and a low melt viscosity for the imide oligomer, and a high T g value of 343°C for the cured polymer. Along with good processability, TriA-PI has high heat resistance, high thermooxidative stability, and good fracture toughness [3] .
However, phenylethynyl terminated imide oligomers require high temperature (about 350-370°C) treatment to completely remove solvent and to convert the oligomeric precursor into cured polyimide, which limit their use for commercial all purposes except for the special use of aerospace field.
In this report, we synthesized phenylethynylcarbonyl terminated imide compound and investigated the curing behavior and the properties of the cured thermosetting resin. The phenylethynylcarbonyl group may be more flexible than the phenylethynyl group because of the adjacent carbonyl group. And, due to the electron withdrawing groups, such as ketone on acetylene bond, phenylethynylcarbonyl group terminated imide compound might enhance the rate of cure. In this way, by the introduction of the carbonyl group adjacent of phenylethynyl group, the high cure temperature (about 350-370°C) of phenylethynyl terminated polyimide could be lowered.
In this study, we investigated the synthesis and characterization of phenylethynylcarbonyl terminated novel thermosetting imide compound. The novel phenylethynylcarbonyl-terminated imide compound has only two imide groups in the molecular structure, and so differs from polyimide resins. And the curing condition of the new imide compound may be completely different from polyimide. The properties of thermosetting resin are influenced by the curing condition, especially maximum curing temperature. Therefore, we think this novel compound as the new thermosetting resin, and compare the new imide compound to an epoxy resin which has almost similar curing condition. We selected higher performance o-cresol novolac type epoxy 
Synthesis of phenylethynylcarbonyl terminated imide compound
The synthesis of phenylethynylcarbonyl terminated imide compound was conducted by chemical imidization method [6] [7] . 1,3-bis(3-aminophenoxy) benzene APB (5.84 g, 20 mmol) and N-methyl-2-pyrrolidone (NMP, 40 ml) were placed in a three necked flask, equipped with a magnetic stirrer and calcium chloride drying tube. The glass flask was dried or removed from a hot oven to prevent water from interfering with the reaction. Phenylethynyl trimellitic anhydride PETA (11.06 g, 40 mmol) was added to the solution. The reaction was allowed to stir for 24 h at room temperature under air. Subsequently, pyridine (6.32 g, 80 mmol) and acetic anhydride (8.16 g, 80 mmol) was added slowly to the solution; the solution was stirred for 30 min at room temperature under air. The solution was then poured into water. The product was washed with water, filtered, and then dried at 60°C in vacuo. The scheme for synthesis of phenylethynylcarbonyl terminated imide compound (PECI-APB) is shown in Figure 4 . The structure of the obtained compound (PECI-APB) was analyzed by 1 H-NMR measurement. 1 H-NMR measurement was carried out on Japan Electron Company (Tokyo, Japan) JMN-GSX-270 instrument operating at 270 MHz. Deuterated dimethyl sulfoxide was used as a solvent and tetramethylsilane was used as an internal standard. 
Curing condition of
phenylethynylcarbonyl terminated imide compound Phenylethynylcarbonyl terminated imide compound was cured in a mold using a programmed oven cycle. The curing condition was determined as 200°C/3 h + 220°C/3 h from the results of differential scanning calorimetry (DSC). The molded sample contained a small amount of voids, but the sample was cut to use the void-free sample for each measurement.
To compare the characteristics of phenylethynylcarbonyl terminated imide compound with other resins, o-cresol novolac type epoxy resin, which was used as encapsulating material for semiconductors, was cured in a mold using a programmed oven cycle. Epoxy resin compositions were prepared by uniformly melt mixing the components (o-cresol novolac epoxy resin 211 parts per hundred parts [phr], phenol novolac 94 phr, 2-ethyl-4-methylimidazole 2.1 phr) in a hot twin-roll, followed by cooling and grinding. The curing reaction of epoxy resin was carried out under the same condition as that of the phenylethynylcarbonyl terminated imide compound (200°C/3 h + 220°C/3 h) to evaluate the characteristics.
Characterization of
phenylethynylcarbonyl terminated imide compound and the cured thermosetting resin The structures of phenylethynylcarbonyl terminated imide compound and the cured thermosetting resin were analyzed by Fourier Transform Infrared Spectrophotometer (FT-IR). FT-IR measurement was carried out on Nicolet Impact 420 instrument (Thermo Fisher Scientific K.K, Yokohama, Japan). The spectral range was 4000-400 cm -1 . One hundred twenty-eight scans were averaged at a resolution of 4 cm -1 . (s, imide C-N stretching), 739 cm -1 (s, imide C-N bending). Differential scanning calorimetry (DSC) was applied to evaluate the cure behavior of phenylethynylcarbonyl terminated imide compound. DSC was measured with heating rate of 10°C/min under N 2 atmosphere on a Seiko Instruments Co., Ltd., (Chiba, Japan) STI EXSTAR 6000. The properties of the cured thermosetting resin were characterized by dynamic mechanical analysis (DMA), thermal gravimetric analysis (TGA) and thermal mechanical analysis (TMA). Dynamic mechanical analysis (DMA) was applied to evaluate the glass transition temperature (T g ). Dynamic mechanical analysis was measured by a three points bending method at 1 Hz, amplitude of 10 µm, with a heating rate of 2°C/min on a Seiko Instruments Co., Ltd (Chiba, Japan). DMS-110 Dynamic Mechanical Analysis Spectrometer. The test specimen consists of 50 mm long and 15 mm wide with a thickness of 2-3 mm. The peak temperature of tan ! by dynamic mechanical analysis was considered as T g [8] . Thermal gravimetric analysis (TGA) was applied to evaluate the thermal stability. TGA was measured with heating rate of 10°C/min under N 2 atmosphere on a Seiko Instruments Co., Ltd. (Chiba, Japan) TGA 5200 Thermal Gravimetric Analyzer. The values of 5% mass loss temperature were evaluated. Thermal mechanical analysis (TMA) was applied to evaluate the dimensional stability. TMA was measured with heating rate of 2°C/min under N 2 atmosphere on a Seiko Instruments Co., Ltd. (Chiba, Japan) TMA/SS 6100 Thermal Mechanical Analyzer. The oblong specimen measuring 3-4 mm in length and usually 10-15 mm in height was subjected to a loading 5 g force via a vertically adjustable quartz glass probe. The value of coefficient of thermal expansion (CTE, 40-60°C) was evaluated.
3. Results and discussion 3.1. Synthesis of phenylethynylcarbonyl terminated imide compound The synthesis of phenylethynylcarbonyl terminated imide compound was conducted by chemical imidization method [6] [7] . The formation of poly (amic acid)s is achieved via the reaction of a dianhydride and a diamine in a dry aprotic solvent at room temperature. The reaction mechanism involves the nucleophilic attack of the amino group on the carbonyl carbon of the anhydride group, followed by the opening of the anhydride ring to form an amic acid group. The second pathway of cyclodehydration of amic acid to imide involves the use of a chemical dehydrating agent to promote ring closure reactions, which is effective for either soluble or insoluble polyimides. Commonly used reagents include acid anhydrides in dipolar aprotic solvents or in the presence of tertiary amines. Among the dehydrating agent used were acetic anhydride, benzoic anhydride, as well as others. The amine catalysts used include pyridine, N-methylmorpholine, trialkylamines and others. For this work, acetic anhydride and pyridine were used, although other chemical combinations may be equally amenable to this system. In several instances, the product yield was found to be about 90%. And it was found that phenylethynylcarbonyl terminated imide compound could be easily dissolved in DMSO, to afford a homogeneous solution. But the imide compound was insoluble in other solvents such as acetone, methanol, chloroform, ethyl acetate and tetrahydrofuran. 1 H-NMR spectrum of raw materials (PETA and APB) and the product (phenylethynylcarbonyl terminated imide compound, PECI-APB) is shown in Figure 5 . As a result, a peak (z, 4.78 ppm) assigned to the primary amine groups of APB were not detected. All peaks assigned to the aromatic ring proton were detected. The structure of phenylethynylcarbonyl terminated imide compound (PECI-APB) was confirmed by NMR. The small peaks at 2.1, 2.3 and 2.7 ppm come from acetic anhydride and Nmetyl-2-pyrrolidone used as the raw material or reaction solvent. And the peak at 2.2 ppm comes from acetic acid arising from acetic anhydride. The peak at 3.4 ppm comes from water used for purification after synthesis of phenylethynylcarbonyl terminated imide compound. There was not significant indication of side reaction in the NMR, and the purity of PECI-APB was almost 100% from 1 H-NMR. The FT-IR spectra of raw materials (PETA and APB), phenylethynylcarbonyl terminated amic acid and phenylethynylcarbonyl terminated imide compound (PECI-APB) are shown in Figure 6 . In Figure 6c , it can be seen that the amic acid compound exhibited the characteristic absorption near 2900-3200 cm -1 , which was attributed to COO-H and HN-H. The absorption at ca. 1710 cm -1 , which was related to amic acid C=O (COOH) was observed. The absorptions at ca. 1660 and 1550 cm -1 , which were related to amide groups of amic acid C=O (amide CONH) and C-NH, were also observed. In Figure 6d , it can be seen that the imide compound exhibited the characteristic absorption around 2213 cm -1 , which was attributed to the stretching vibration of ethynyl C#C. The absorptions at ca. 1780 and 1725 cm -1 , which were related to the asymmetric and symmetric stretching vibrations of imide C=O, were also observed. Moreover, the absorptions around 1600 cm -1 (aromatic C=C), 1370 cm -1 (imide C-N), were also detected. Additionally, the lack of near 2900-3200 cm -1 which was attributed to COO-H and HN-H, the absorption at ca. 1710 cm -1 which was related to amic acid C=O (COOH) and the absorptions at ca. 1660 and 1550 cm -1 which were related to amide groups of amic acid C=O (amide CONH) and C-NH indicated that the polyimide did not contain significant amounts of amic-acid functional groups. By these results of NMR and FT-IR, it was found that the synthesis of phenylethynylcarbonyl terminated imide compound by chemical imidization method was conducted effectively, and the objective phenylethynylcarbonyl terminated imide compound (PECI-APB) was obtained. Figure 7 . From the first DSC heating scan, it is found that phenylethynylcarbonyl terminated imide compound exhibited a weak glass transition around 156°C and a broad exothermic peak with the onset and maximum around 180 and 212°C, respectively. The exothermic peak is assigned to the curing reaction of the phenylethynyl groups, which is accompanied with heat release. As a result, it was found that phenylethynylcarbonyl terminated imide group could react more rapidly than phenylethynyl terminated imide group which needed the high cure temperature (about 350-370°C) [1] . This is because the phenylethynylcarbonyl group might be more flexible than the phenylethynyl group because of the adjacent carbonyl group, and electron withdrawing groups such as ketone on acetylene bond; phenylethynyl group terminated imide compound might enhance the rate of cure. From the result of DSC measurement, the curing condition was determined as follows: after phenylethynylcarbonyl terminated imide compound (PECI-APB) softened at 160°C to remove any bubbles containing in it sufficiently, curing reaction was carried out at 200°C/3 hr. Finally, at 220°C/3 hr the cured thermosetting resin was postcured so that the curing reaction could proceed completely. In this way, the curing condition of phenylethynylcarbonyl terminated imide compound was determined as 200°C/3 hr + 220°C/3 hr. DSC thermogram of the cured resin from phenylethynylcarbonyl terminated imide compound (PECI-APB) is shown in Figure 8 . DSC curve of the cured resin showed no exothermic peaks, implying that PECI-APB resin had been completely cured. And glass transition temperature of the cured resin was observed around 164°C.
DSC analysis of phenylethynylcarbonyl terminated imide compound DSC thermogram of phenylethynylcarbonyl terminated imide compound (PECI-APB) is shown in

Curing reaction of phenylethynylcarbonyl terminated imide compound
To investigate the curing reaction of phenylethynylcarbonyl terminated imide compound, FT-IR measurement was carried out. FT-IR spectra of the compound before and after the curing reaction of phenylethynylcarbonyl terminated imide compound (PECI-APB) are shown in Figure 9 . As a result, the characteristic absorption around 2213 cm -1 , which was attributed to the stretching vibration of ethynyl C#C, disappeared after curing reaction (Figure 9b) . The absorptions at ca. 1780 and 1725 cm -1 , which were related to the asymmetric and symmetric stretching vibrations of imide C=O, were also observed. Moreover, the absorptions around 1600 cm -1 (aromatic C=C), 1370 cm -1 (imide C-N), were also detected. The new absorption of alkene C=C at 1635 cm -1 appeared after curing reaction (Figure 9b ). It was found that the curing reaction of phenylethynylcarbonyl terminated imide compound occurred, and then the alkene groups or aromatic groups (the absorptions around 1600 cm -1 ) might be generated by the curing reaction. Based on the investigations on the thermal curing of phenylethynyl terminated imide oligomers it has been suggested that a polyene initially began to form in the curing reaction, which then participated in more complex reactions to yield crosslinked aromatic structures and condensed polycyclic unsaturated structures [9] [10] [11] [12] [13] . Figure 10 shows the TGA curves of the cured thermosetting resin from phenylethynylcarbonyl terminated imide compound (PECI-APB) and that from o-cresol novolac type epoxy resin (EP). As for phenylethynylcarbonyl terminated imide compound, the initial decomposition temperature, defined as the temperature at which 5 wt% mass loss occurred, was 432°C. And the cured resin achieved char yields above 75% under nitrogen at 600°C, which exhibited the cured thermosetting resin had good thermal stability. In contrast, the decomposition temperature and the char yield at 600°C of epoxy resin was 384°C and 37% respectively ( Table 1) . As a result, the thermosetting resin from phenylethynylcarbonyl terminated imide compound showed more superior thermal stability to that of epoxy resin. The improvement of thermal stability is due to the incorporation of alkene group or aromatic ring substitutes in the backbones, which might enhance the chain interaction and reduce the molecular chain mobility.
TGA analysis of phenylethynylcarbonyl terminated imide compound
And 5% decomposition temperature of other imide oligomer (PETI-5) [14] was also shown in Table 1 . The thermosetting resin from phenylethynylcarbonyl terminated imide compound showed lower thermal stability to other imide oligomer (PETI-5).
DMA analysis of phenylethynylcarbonyl terminated imide compound
The curves of Dynamic Mechanical Analysis (DMA) are shown in Figure 11 . As a result, glass transition temperature (T g ) of the thermosetting resin from phenylethynylcarbonyl terminated imide compound (PECI-APB) was 201°C. And T g of the cured epoxy resin (EP) was 205°C (Table 1 ). The crosslink density "(E!) can be calculated using the equation of state for rubbery elasticity (see Equation (1)) [15] : (1) where $ is the front factor, T is the absolute temperature, R is the gas constant, and E! is the storage modulus of the sample at temperature T. This equation is applicable to polymer networks that have a rubbery plateau region [15] . Though the adoption of this equation to the highly crosslinked system is beyond the applicability of the rubber elasticity theory, there is no theoretical equation to calculate crosslink density for highly crosslinked polymers. Therefore, in our study, the value of "(E!) of the samples was calculated at T g + 40°C according to this equation to compare the crosslink density of each sample [16] [17] . The results are shown in Table 1 , under the assumption that $ is equal to 1 [18] . The value of "(E!) of the cured resins from phenylethynylcarbonyl terminated imide compound (PECI-APB) was much smaller (one hundredth) than that of the cured epoxy resin (EP). As a result, the thermosetting resin from phenylethynylcarbonyl terminated imide compound showed almost the same T g as that of epoxy resin. The reason of the good heat resistance of phenylethynylcarbonyl terminated imide compound is due not to high crosslink density, but to the incorporation of alkene group or aromatic ring substitutes in the backbones, which might enhance the chain interaction and reduce the molecular chain mobility. Namely, contrasting the chemical composition of epoxy resin to phenylethynylcarbonyl terminated imide compound, the epoxy does not have the functionalities that are reducing chain mobility. And T g of other imide oligomer (PETI-5) [14] was also shown in Table 1 . The thermosetting resin from phenylethynylcarbonyl terminated imide compound showed lower glass transition temperature to other imide oligomer (PETI-5).
3.6. TMA analysis of phenylethynylcarbonyl terminated imide compound The coefficient of thermal expansion (CTE, 40-60°C) of the thermosetting resin from phenylethynylcarbonyl terminated imide compound (PECI-APB) was evaluated by Thermal Mechanical Analysis (TMA). The CTE is another important property with regard to the electronic package applications. Unfortunately, most organic polymers have much higher CTEs (about 40-200 ppm/°C) than those of the inorganic substrates (for example, fused silica 0.55 ppm/°C) and conductors (for example, copper 17-20ppm/°C) used in electronics. Additionally, CTE of the printed circuit board is 13-18 ppm/°C, 80 to 90 ppm/°C in the plate thickness Z-axis direction. This CTE mismatch results in residual stress buildup in the electronic materials following thermal processing. It is of interest to determine the CTEs of the thermosetting resin from phenylethynylcarbonyl terminated imide compound. As a result, CTE of the thermosetting resin from phenylethynylcarbonyl terminated imide compound (PECI-APB) was 44 ppm/°C, which showed relatively lower CTE values. In contrast, CTE of the cured epoxy resin was 57 ppm/°C ( Table 1) . As a result, the thermosetting resin from phenylethynylcarbonyl terminated imide compound showed much lower coefficient of thermal expansion than that of epoxy resin. The improvement of CTE might be due to the incorporation of alkene group or aromatic ring substitutes in the backbones, which might enhance the chain interaction (molecular packing) and reduce the molecular chain mobility. Namely, the reduction in CTE may be attributed to the segmental motions of the chains that are restricted. Phenylethynylcarbonyl terminated imide compound showed lower CTE than epoxy resin, even though the T g of epoxy resin was a little higher than that of phenylethynylcarbonyl terminated imide compound. It seems that the chain structure of phenylethynylcarbonyl terminated imide compound which r1E9 2 5 E9 3FRT r1E9 2 5 E9 3FRT Figure 11 . DMA curves of (a) phenylethynylcarbonyl terminated imide compound (PECI-APB) and (b) epoxy resin (EP) has more planar shape than epoxy resin affected the CTE more than the glass transition temperature of the polymer [19] .
Conclusions
In this study, we investigated the synthesis and characterization of phenylethynylcarbonyl terminated novel thermosetting imide compound. As a result, it was found that the curing reaction of phenylethynylcarbonyl terminated imide group proceeded much faster than that of phenylethynyl terminated imide group. This is due to the phenylethynylcarbonyl group might be more flexible than the phenylethynyl group because of the adjacent carbonyl group, and electron withdrawing groups such as ketone on acetylene bond might enhance the rate of cure. From the results of Fourier transform infrared spectrometry measurement, the new absorption of alkene groups (C=C) at 1635 cm -1 and aromatic groups at 1600 cm -1 appeared after curing reaction. It was found that the curing reaction of phenylethynylcarbonyl terminated imide compound occurred, and then the alkene groups or aromatic groups might be generated by the curing reaction. The cured thermosetting resin from phenylethynylcarbonyl terminated imide compound exhibited had good thermal decomposition stability. From the results of dynamic mechanical analysis and thermal mechanical analysis, the thermosetting resin from phenylethynylcarbonyl terminated imide compound showed almost the same T g as that of epoxy resin, and the coefficient of thermal expansion of the thermosetting resin from phenylethynylcarbonyl terminated imide compound was 44 ppm/°C, which showed relatively lower CTE values. The improvement of these excellent thermal properties might be due to the incorporation of alkene group or aromatic ring substitutes in the backbones, which might enhance the chain interaction and reduce the molecular chain mobility. These excellent properties of the phenylethynyl terminated imide compound demonstrate a promising potential for future use of commercial all purposes except for the special use of aerospace field.
